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Transition predictionAbstract Numerical approach of hybrid laminar ﬂow control (HLFC) is investigated for the suc-
tion hole with a width between 0.5 mm and 7 mm. The accuracy of Menter and Langtry’s transition
model applied for simulating the ﬂow with boundary layer suction is validated. The experiment data
are compared with the computational results. The solutions show that this transition model can pre-
dict the transition position with suction control accurately. A well designed laminar airfoil is
selected in the present research. For suction control with a single hole, the physical mechanism
of suction control, including the impact of suction coefﬁcient and the width and position of the suc-
tion hole on control results, is analyzed. The single hole simulation results indicate that it is favor-
able for transition delay and drag reduction to increase the suction coefﬁcient and set the hole
position closer to the trailing edge properly. The modiﬁed radial basis function (RBF) neural net-
work and the modiﬁed differential evolution algorithm are used to optimize the design for suction
control with three holes. The design variables are suction coefﬁcient, hole width, hole position and
hole spacing. The optimization target is to obtain the minimum drag coefﬁcient. After optimization,
the transition delay can be up to 17% and the aerodynamic drag coefﬁcient can decrease by 12.1%.
ª 2015 The Authors. Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Drag reduction is a signiﬁcant topic for transport airplanes as
energy crisis and environment problems are becoming more
and more serious. Since surface friction drag can be up to50% of the total drag in the civil aviation airplane,1 how to
reduce the friction drag forms an important research ﬁeld.
Some studies indicate that the friction drag in the laminar
boundary layer is 90% less than that in the turbulent boundary
layer. Therefore, transition delay is vitally important for fric-
tion drag reduction.2 Hybrid laminar ﬂow control (HLFC) is
a most forward-looking technique for transition delay and
drag reduction.3 HLFC technique combines natural laminar
ﬂow (NLF)4 and laminar ﬂow control (LFC) to stabilize the
boundary layer by shaping wing planform and airfoil geome-
try, as well as boundary layer suction control, so as to realize
transition delay and drag reduction. Suction control affects
transition in two aspects: changing the average velocity in
358 Y. Shi et al.the boundary layer makes ﬁrst the velocity proﬁles much fuller,
and second the displacement thickness Reynolds number
lower.5
A lot of research at home and abroad has contributed to
applications of HLFC technique. Joslin1 introduced the appli-
cations of HLFC to wing, vertical tail and nacelle from 30’s to
90’s in the 20th century. Younga et al.6 studied the effects of
suction surface, suction hole width and spacing, and suction
coefﬁcient in detail, providing quantitative references for
HLFC design. Wright and Nelson7 proposed to lower the
energy consumption through optimization of suction hole dis-
tribution. Risse et al.8 proposed conceptual wing design meth-
odology with HLFC, and the quasi 3-D method proposed by
them can lower the difﬁculty and cost of numerical simulation.
Liu et al.9 studied the effects of suction parameters on transi-
tion position for Rae2822 airfoil, and the analysis results can
be used for further study. Researchers have done great con-
tributions to the applications of HLFC technique; however,
the suction holes selected are microscopic. Currently, research
on microscopic suction holes is mainly conducted via experi-
ments, but not via numerical simulations, which are only used
for 2-D questions. HLFC experiments performed on Boeing
757 aircraft 10 need millions of holes (0.06 mm), so the grid will
be too big to work, and the numerical accuracy of the common
Reynolds averaged Navier–Stokes (RANS) method is ques-
tionable. Microscopic suction holes make numerical sim-
ulation difﬁcult in HLFC study.
Fortunately, Pehlivanoglu et al.11 selected 35 mm hole to
increase the lift-drag ratio, which inspires us to consider how
the suction holes between 0.5 mm and 7 mm (much larger than
microscopic holes) affect transition position. Suction control
with 35 mm hole in Pehivanoglu’s study increases lift coefﬁ-
cient as well as drag coefﬁcient. In this paper, the main work
is to explore the ability of holes between 0.5 mm and 7 mm
to maintain laminar ﬂow. Computations are performed on a
well designed laminar airfoil, and one-hole suction on the air-
foil is studied ﬁrst. Then, suction control with three holes is
optimized.
This paper focuses on 2-D airfoil and transition occurs
owining to Tollmien-Schlichting (TS) wave, so Menter and
Langtry’s c gReht model can be properly used.12 The modiﬁed
radial basis function (RBF) neural network model is used to
approximate the aerodynamic forces, so as to enhance design
efﬁciency in multiple holes suction control. In Section 2 the
numerical simulation method of c gReht transition model
and the modiﬁed prediction model based on RBF neural net-
work are discussed in detail, and the validation of the model
is done on NACA66012 airfoil. Section 3 shows the results
of both single and multi-hole suction control. Section 4 comes
to the conclusion of the present study.
2. Numerical methodology and optimization tools
2.1. c gReht transition model
The correlation-based c gReht transition model is developed
strictly based on local variables, thus this transition model is
compatible with modern CFD techniques. The model is made
up with two equations, one for intermittency and the other for
momentum thickness Reynolds number:@ðqcÞ
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The ﬁrst two terms of right-side hand in Eq. (1) and the ﬁrst
term in Eq. (2) are the production terms. The last terms in Eqs.
(1) and (2) are the diffusion terms. ca1; ca2; ce1; ce2; rf;
cht and rht are constants, Fonset is used to trigger the intermit-
tency production, the magnitude of intermittency production
is controlled by Flength, Fht is used to turn off the source term
in Eq. (2) and allows the transported scalar fReht to diffuse in
from the freestream, and Reht is the transition onset momen-
tum thickness Reynolds number. The parameters in Eqs. (1)
and (2) are given in detail in Ref. 13. The maximum vorticity
Reynolds number is proportional to momentum thickness
Reynolds number, which can serve as a local environment.
To correct the deﬁciency in simulating separation-induced
transition, a modiﬁcation is given by
ceff ¼ maxðc; csepÞ
csep ¼ min s1 max 0;
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where csep represents separation intermittency and the other
parameters in Eq. (3) are given in Ref. 13, Rev is the vorticity
Reynolds number, and Rehc the critical momentum thickness
Reynolds number, RT the viscosity ratio. Finally, the modiﬁed
intermittency c is coupled with the turbulence model as
follows:
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ePk ¼ ceffPk ð5Þ
eDk ¼ minðmaxðceff; 0:1Þ; 1:0ÞDk ð6Þ
where Pk and Dk are the production and destruction for k
equation turbulence model, respectively.
2.2. Modiﬁed RBF neural network prediction model
To avoid the deﬁciency of vast time consumption by numerical
simulation, the modiﬁed RBF neural network model 14 is used
to predict the aerodynamic forces.
The mapping between the input and output of the neural
model is given by:
yi ¼ fiðxÞ ¼
XM
k1
wik/kðx; ckÞ ¼
XM
k1
wik/kðkx ckkÞ ð7Þ
Fig. 2 Comparison between CFD result and experiment data for
transition delay displacement on NACA66012 airfoil.
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where x is the input vector, wik the weight coefﬁcient, ck the
center of node and /k the radial basis function. Where the
parameters are deﬁned in detail in Bai et al.,15 and Gauss basis
function is used. The modiﬁed RBF neural network introduces
a self-adaptive variable h, which has the same dimensions as
the design variables. The modiﬁed model is as follows:
yi ¼ fiðxÞ ¼
XM
k¼1
wik/kðx ckÞ ¼
XM
k¼1
wik/kðhkx ckkÞ ð9Þ
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This new model has better prediction accuracy for strong
nonlinear questions and vast design variables. In this paper,
the modiﬁed prediction model is used to optimize the design
for three-hole suction control on airfoils.2.3. Validation of transition model
The experiment performed on NACA66012 airfoil is intro-
duced at length by Wright and Nelson.16 The airfoil of 1 m
chord, but with a ﬂat section inserted at the point of maximum
thickness, is shown in Fig. 1. The suction zone is 23%–42%,
the suction hole width D= 0.1 mm, and the hole spacing
L= 1 mm. The angle of attack a for all conditions is 1,
the turbulence intensity is 1&, and the wind speed is 20 m/s.
The suction coefﬁcient Cq is deﬁned as:
Cq ¼ jðquÞnormaljðquÞ1
ð11Þ
where unormal is velocity normal to airfoil surface, and its value
is negative in suction condition; Cq is non-dimension suction
velocity, and Cq is set to be positive for convenience.
To validate the accuracy of c gReht transition model used
for suction control, simulations for different suction coefﬁ-
cients are done for NACA66012. The calculation results are
shown in Fig. 2. The ordinate Xtr is the distance from the
end of suction region to transition position. Fig. 2 indicates
that simulation results are consistent with experiment data,
and transition delay increment is predicted well. For prelimi-
nary research, c gReht has reasonable accuracy for predicting
transition position with suction control and can be used prop-
erly in the present research.Fig. 1 Schematic of suction control on NACA66012.3. Presentation of results and mechanism analysis
The research airfoil is a laminar airfoil which is well designed
under the conditions that Re= 6.2 · 106, Ma1 = 0.7, turbu-
lence intensity is 3&, designed lift coefﬁcient CL = 0.46, and
the chord length c is 1 m. The angle of attack in the present
research is ﬁxed at 0. The grid consisting of 200,000 nodes
is shown in Fig. 3. To reduce the grid nodes, the patching tech-
nique is used in this paper.
3.1. Results of suction control with single hole
The effects of suction coefﬁcient, suction hole location and
suction hole width on transition position as well as drag reduc-
tion are studied ﬁrst.
3.1.1. Impact of suction coefﬁcient
In the following cases, suction hole location and suction hole
width are ﬁxed at X1 = 30%c and D= 1 mm, respectively.
The suction coefﬁcient ranges from 0.005 to 0.050. In the fol-
lowing ﬁgures, both ‘‘Cq = 0’’ and ‘‘without hole’’ indicate
natural transition without suction control. Transition position
is deﬁned as the location where skin friction coefﬁcient Cf
increases suddenly along the airfoil surface. In Fig. 4(a), Cf
increases suddenly in both Region 1 and Region 2. However,
Cf decreases sharply after a sudden increase in Region 2, while
Cf should not decrease after transition. Then the transition
position is located in Region 1.
With suction control, the skin friction coefﬁcient can be
expressed as:17Fig. 3 Grid and local ampliﬁcation for suction control
computation.
Fig. 4 Transition position variation and skin friction coefﬁcient
distribution on upper surface with different suction coefﬁcients.
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ð12Þwhere d1 and d2 are displacement thickness and momentum
thickness of boundary layer, respectively. The sufﬁx ‘‘1’’Fig. 5 Variation in force coefﬁcientsrepresents the freestream conditions, and R is the surface cur-
vature. unormal is the suction velocity normal to the airfoil sur-
face, and sgnðunormalÞ is given as:
sgnðunormalÞ ¼
1 unormal < 0 suction
0 unormal ¼ 0
1 unormal > 0 blowing
8><>: ð13Þ
Eq. (12) indicates that suction causes the increase of skin
friction drag, thus larger unormal will cause a sharp increase
of Cf as shown in Region 2 in Fig. 4(a). It can be seen in
Fig. 4(b) that the transition position without suction hole is
52%c, and the occurrence of transition can be delayed up to
62%c with maximum Cq, which is 10% extension of laminar
region. Additionally, with higher Cq, the transition position
moves more backwards the trailing edge. From Fig. 4(b),
the transition position moves backward more quickly in cases
with smaller Cq.
A hole Reynolds number is deﬁned as:18
Rehole ¼ uhD
v
ð14Þ
where uh is the local ﬂow velocity in the hole, and v the kine-
matic viscosity coefﬁcient. The experiment data 19 indicate
that the suction efﬁciency will decrease when Rehole exceeds
a critical value, corresponding to a value of Cqc (critical
value of Cq).
Fig. 5 shows the plot of CL vs Cq, CD vs Cq, CDp vs Cq,
and CDv vs Cq, CDv is skin friction drag coefﬁcient, CDp is
pressure drag coefﬁcient. With the increase of Cq, the lift
coefﬁcient CL increases and the drag coefﬁcient CD
decreases. Contrary to the natural transition (‘‘without
hole’’ result in Fig. 4(b)), the maximum reduction in drag
that can be obtained is 7.5%, which is 5 counts. The suc-
tion control not only reduces skin friction drag coefﬁcient,
but also pressure drag coefﬁcient. Both CDv and CDp
decrease as Cq increases, with the reduction rate generally
increasing ﬁrst and then decreasing. At higher Cq, in other
words, when Cq is closer to Cqc, CDv remains nearly unaf-
fected and even increases slowly. In the case of Cq = 0.040
and Cq = 0.050, the impact of suction control on transition
position and on CDv is nearly identical.with different suction coefﬁcients.
Fig. 6 Velocity proﬁle at different streamline locations with different suction coefﬁcients.
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where the abscissa and the ordinate are non-dimensional
velocity and boundary layer thickness. dBL is the boundary
layer thickness, d is the normal distance to wall surface,
and ue is the velocity at the edge of boundary layer.
Figs. 6(a) and 6(b) represents the velocity proﬁle at the loca-
tion in front of suction location, while Fig. 6(c) is in the mid-
dle of suction hole. Figs. 6(d) and 6(e) are the cases behind
suction location. Fig. 6(e) is the case behind transition loca-
tion. The variation trend of skin friction drag coefﬁcient can
be explained as follows. There are four aspects affecting CDv:
(1) As discussed above, Cf increases sharply in the suction
control area. It can be also seen in Fig. 6(c) that the
velocity proﬁle in the suction region is much fuller.
(2) It can be seen from Figs. 6(b) and 6(d) that the velocity
proﬁle with suction control in the laminar region is
much fuller than that in the ‘‘without hole’’ case, which
causes larger Cf.
(3) In the turbulent region, Fig. 6(f) shows that the velocity
proﬁle in the ‘‘without hole’’ case is slightly fuller than
that in the cases with suction control; however,Cf is larger
in the cases with suction control (see Fig. 4(b)). Cf is
deﬁned as lð@u=@yÞy¼0, thus l (viscosity coefﬁcient) in
the ‘‘without hole’’ case is smaller than that in the cases
with suction control.Thus, (1), (2) and (3) together cause
the increase ofCDv in the cases with suction control.CDv+
denotes the increment of CDv caused by (1), (2) and (3).
(4) Cf in laminar region is much smaller than that in the tur-
bulent region, so extension of laminar region makes CDv
decrease. CDv denotes the decrement of CDv caused by
extension of laminar region.It comes to the conclusion that CDv reduction is decided by
the proportion between CDv and CDv+. CDv is restrained
due to limitative transition delay as Cq grows, while CDv+
increases gradually with the increase of Cq. Thus, CDv reduc-
tion rate is almost zero owing to a larger CDv+ rate than
CDv when Cq exceeds the critical value.
Moreover, Fig. 6(a) shows that suction has little effect on
the upstream of suction hole, except for the position very close
to the hole such as the case of Fig. 6(b). Fig. 6(e) shows that
the ﬂow without suction control starts laminar to turbulent
transition, while the ﬂow with suction control is still steady
laminar.
It can be seen from Fig. 7(a) that suction control makes
boundary layer thickness 18 dBL thinner. The variation trend
of dBL with Cq is consistent with the previous analysis on tran-
sition position. Variation in boundary layer thickness affects
the pressure coefﬁcient Cp distribution (see Fig. 7(b)), which
has impact on CDp in turn. Suction control makes dBL thinner
and reduces CDp. Additionally, the variation trend of CDp is
consistent with dBL. Meanwhile, it can be seen in Fig. 7(b) that
the lift coefﬁcient also increases with suction control.
From the above analysis, Cq affects suction control results
apparently. CL will increase with higher Cq. Generally, CDv
and CDp will decrease with higer Cq. Additionally, suction con-
trol makes boundary layer thinner.
3.1.2. Impact of suction hole width
Suction hole width represents suction mass. In the following
case, suction hole position and suction coefﬁcient are ﬁxed at
29%c and 0.03, respectively, and the suction hole width ranges
from 0.5 mm to 7 mm. In the following ﬁgures, both ‘‘D= 0’’
and ‘‘without hole’’ indicate natural transition without suction
Fig. 8 Transition position and skin friction coefﬁcients dis-
tribution on upper surface with different suction hole width.
Fig. 7 Boundary layer thickness on upper surface and pressure
coefﬁcients distribution with different suction coefﬁcients.
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D is illustrated in Fig. 8(a). Fig. 8(b) shows Cf distribution on
the upper surface of the airfoil. The transition position moves
towards the trailing edge gradually with the increase of D. The
maximum transition delay length can be up to 13% compared
with natural transition (‘‘without hole’’ case). The transition
delay length almost varies linearly with lower D, but barely
varies with higher D.
Eq. (12) shows that increasing D can also make Rehole
exceed a critical value (corresponding to a critical value Dc),
which is shown in Fig. 9 by CDv–D curve. Fig. 9 shows that
the lift coefﬁcient CL increases with the increase of width D,
while the skin friction drag coefﬁcient CDv decreases ﬁrst and
then increases. Contrary to the skin friction drag coefﬁcient,
the pressure drag coefﬁcient CDp decreases continuously. In
contrast to the natural transition, the maximum CD reduction
can be up to 7.5%.
Fig. 10 represents velocity proﬁle at different streamline
location. Fig. 10(c) shows the velocity proﬁle in the middle
of the suction hole. The velocity gradient for y= 0 is very
large with larger D (this can be also seen in the spike region
of Fig. 8(b)), which increases CDv+ a lot. Meanwhile,
CDv is small due to limited transition delay (the length of
transition delay is no more than 1%) with larger D. As a result,suction efﬁcient begins to decrease when D= 2 mm, and CDv
with suction control is even greater than the natural transition
in the case of D> 5 mm. Other change of velocity proﬁle is
similar to that in Section 3.1.1.
It can be seen in Fig. 11(a) that dBL grows thinner gradu-
ally with the increase of D, which affects the pressure dis-
tribution (see Fig. 11(b)). As a result, the lift coefﬁcient
increases and the pressure drag coefﬁcient deceases when the
hole width grows. Due to the variation trend in boundary layer
thickness (see Fig. 11(b)), the slope of CDp–D curve in Fig. 9
declines gradually.
3.1.3. Impact of suction hole position
The suction hole position gives a reﬂection of the transition
process. In other words, being closer to the trailing edge means
more occurrence of transition. In the following cases, the suc-
tion coefﬁcient and the suction hole width are ﬁxed at
Cq = 0.03 and D= 1 mm, respectively. The suction hole posi-
tion X1 ranges from 0.1 to 0.6 m. In the following ﬁgures, both
‘‘natural transition position’’ and ‘‘without hole’’ indicate natu-
ral transition without suction control. It is shown in Fig. 12 that
the maximum transition delay length is up to 8% compared
with that in the case of ‘‘without hole’’. Extension of laminar
ﬂow grows continuously when the suction hole moves down-
stream in the range of 0.1 m–0.4 m. Moreover, in the cases
for X1 = 0.3 m and X1 = 0.4 m, the transition position barely
Fig. 9 Variation in force coefﬁcients with different suction hole
width.
Fig. 10 Velocity proﬁle at different streamline locations with different suction hole width.
Fig. 11 Boundary layer thickness on the upper surface and
pressure coefﬁcients distribution for different suction hole width.
Numerical analysis and optimization of boundary layer suction on airfoils 363
Fig. 12 Skin friction coefﬁcients and transition position dis-
tribution on upper surface for various suction hole position.
Fig. 13 Variation in force coefﬁcients for different suction hole
position.
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(near the natural transition point) and X1 = 0.6 m (after the
natural transition point), both transition positions are almost
equal to the natural one. Nevertheless, the transition process
is slower than the natural one in case for X1 = 0.5 m.
Therefore, Cf is smaller than the natural transition (‘‘without
hole’’ case) process. It comes to the conclusion that suction con-
trol is almost useless when TS disturbance grows fully.
Fig. 13 shows that CL grows ﬁrst as X1 moves downstream
but declines at the position very close to or after natural tran-
sition (the ‘‘without hole’’ case) position. CL in all cases with
suction control is larger than that in the cases without suction
control, which shows that suction is useful for the increase of
CL. The maximum CD reduction is up to 6.6%, which is 4.4
counts. CDv ﬁrst declines and then grows as the suction hole
moves downstream. In the case for X1 = 0.5 m, retard of tran-
sition process makes CDv smaller, while the negative effect of
suction control increases CDv, and drag reduction is equal to
zero eventually. On the contrary, there is no beneﬁt in transi-
tion delay when the suction hole is behind the natural transi-
tion point, while the negative effect of suction increases CDv
larger than the natural value.
The velocity proﬁle is not shown in this part to avoid repeti-
tiveness. The change of boundary layer thickness is illustrated
in Fig. 14. CDp also ﬁrst decreases and then increases (seeFig. 13), contrary to CDv, and CDp in the case for
X1 = 0.5 m and 0.6 m is smaller than natural transition value
owing to thinner boundary layer thickness.
3.2. Multiple hole suction control results
To reduce the time consumption of numerical simulation, the
modiﬁed RBF neural network model is used to approximate
the aerodynamic force. 20,21 The design variables are suction
hole spacing L, ﬁrst suction hole position X1, suction coefﬁ-
cient Cq, and suction hole width D. 100 samples are generated
by Latin Hypercube sampling method, 5 samples of which
have been used to test the accuracy of surrogate model.
Fig. 15 shows that the modiﬁed RBF model has good accuracy
for approximating aerodynamic force.
The optimization is based on the same well-designed lami-
nar airfoil as discussed above. The optimization algorithm used
in this paper is the modiﬁed differential evolution algorithm,22
with the optimization goal being the minimize drag coefﬁcient.
According to the analysis of Section 3.1, the restrains of design
variables are given as: X1 þ 3Dþ 2L < 0:5c, 5D < L < 20D,
0:5mm < D < 7mm,0:005 < Cq < 0:050.
Every generation has 20 individual and the number of itera-
tions is limited within 100. Convergence history is shown in
Fig. 16. The surrogate model is called 20 · 100 times in the
Fig. 14 Boundary layer thickness and pressure coefﬁcients
distribution on upper surface for different suction hole position.
Fig. 15 Comparison between CFD method and modiﬁed RBF
prediction model for drag coefﬁcient.
Fig. 16 Convergence process of multiple hole optimization.
Table 1 Comparisons between the original and optimization
cases.
Case Transition
position
CL CD CDp CDv
Original 52%c 0.550 0.00663 0.00314 0.00349
Optimization 69%c 0.584 0.00583 0.00267 0.00316
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2000 CFD calculations can be saved.
The optimized parameters are: suction coefﬁcient
Cq = 0.0125, suction hole width D= 3.6 mm, suction hole
spacing L= 18D, and the ﬁrst suction hole position
X1 = 0.36 m. Cq and D decide the rate of ﬂow in the suction
region. The ﬁnal result of the optimization by the modiﬁed
RBF prediction model has a drag coefﬁcient of 58.1 counts,while the drag coefﬁcient of CFD simulation is 58.3 counts,
which shows that surrogate model has a good accuracy.
Comparisons between natural laminar transition and
optimization result are illustrated in Table 1. Skin friction
coefﬁcient distribution by CFD simulation is illustrated in
Fig. 17(a), and the delay of the occurrence of transition is
up to 17%. The lift coefﬁcient increases by 5.6%, and the drag
coefﬁcient decreases by 12.1% (41.2% CDv, 58.8% CDp) com-
pared with that in the original case of natural transition.
From Fig. 17(b), the boundary layer thickness becomes
thicker after the ﬁrst hole, and the growth is restrained due
to the second hole. The effect of the last hole is the same as
that of the second one. Then, it comes to a conclusion that
the interrelationship of multiple holes can control transition
delay more effectively. Additionally, multiple holes needs
lower suction coefﬁcient. Lower suction coefﬁcient means
lower energy consumption, and also has favorable effect on
suction efﬁciency.
Fig. 18 shows the intermittency contour for the optimized
airfoil. The intermittency ramps from 0 to 1 rapidly in the cir-
cular region, indicating the onset of transition.
4. Conclusions
Comparisons with the wind tunnel data of NACA66012 airfoil
show that the Langtry–Menter transition model employed in
this paper can simulate the transition position with suction
control accurately. Simulation results show that by changing
the boundary layer boundary layer thickness and velocity pro-
ﬁle, suction control on the airfoil can be realized to delay the
laminar to turbulent transition caused by instability of TS
wave and then improve aerodynamic characteristics by
increasing the lift coefﬁcient and decreasing the drag coefﬁ-
cient. The width, position, number and distribution of the
Fig. 17 Skin friction coefﬁcients and boundary layer thickness
distribution on upper surface for the original and optimization
results.
Fig. 18 Intermittency contour with marked transition onset
location.
366 Y. Shi et al.suction hole and suction coefﬁcient have different effects on
the suction control result. For a single hole, the drag coefﬁcient
decreases with an appropriate increase of the suction coefﬁ-
cient and suction hole width. Study on suction hole position
shows that before the position where TS wave disturbances
develop fully, the closer to the natural transition position is,
the better suction control effects can be obtained. Based on
the analysis of the suction control with a single hole,optimization method with modiﬁed RBF neural network
model and modiﬁed differential evolution algorithm is used
to design the suction control with multiple holes.
Optimization result shows that multi-hole suction control with
reasonable distribution, width, position and suction coefﬁcient
can reduce the drag coefﬁcient more considerably (1.68 times)
than the single-hole suction control. Additionally, the suction
coefﬁcient is smaller than single hole with minimum drag coef-
ﬁcient, which means that multi-hole can increase suction con-
trol efﬁciency. In summary, it is found that suction control can
reduce the drag coefﬁcient and put off the occurrence of tran-
sition, which can serve as a reference for laminar control
design.
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